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Open access under the ElsFour modiﬁed hyperbranched polyethylene imines (PEIs) were synthesized by means of the alkylation of
PEI. SAXS, viscosity, surface tension, and pyrene ﬂuorescence emission were then used as techniques to
examine the conformation and aggregation of the modiﬁed PEIs in aqueous solution, in the absence and
presence of sodium dodecylsulfate (SDS). Analysis of the SAXS data showed that the radius of gyration
decreases with an increase in the alkyl chain length of the polymer, while the viscosity data indicated
a decrease in the intrinsic viscosity under the same conditions. The nonmodiﬁed PEI was not surface
active, while the hydrophobically modiﬁed samples showed pronounced surface activity and the pres-
ence of hydrophobic domains. On addition of SDS, the onset of the formation of polymer–surfactant com-
plexes was determined, indicating a decrease in the critical aggregate concentration with an increase in
the alkyl chain length of the polymer backbone.
 2011 Elsevier Inc. Open access under the Elsevier OA license. 1. Introduction
Polyelectrolytes are polymers that are soluble in water and in
other polar solvents that have charged or ionizable groups, exhib-
iting properties similar to both electrolytes and polymers. The
presence of ionic groups on the polymeric chain inﬂuences its sol-
ubility and also its intra- and intermolecular interactions. The
intramolecular repulsion between the ionic groups leads to a more
extended conformation of the polymeric chain in comparison with
that normally observed in neutral polymers [1].
Hyperbranched polyethylene imine (PEI; Scheme 1) is a poly-
electrolyte that is used for many purposes, such as in the paper
industry [2], in gene delivery therapy [3,4], and in the development
of catalyst supports [5–8], being highly charged under low pH con-
ditions and with an increase in pH its charge density decreases. PEI
with a molar mass of 25,000 g mol1 is an effective in vitro vector
for gene transfer, but its applications in bio-related research are
limited due to its cytotoxicity [9]. The latter is mainly associated
with the fact that PEI is a strongly charged polycation, which leads
to its strong interaction with cell surfaces and consequently to
their damage. Therefore, modiﬁcations in the polymeric backbone
of PEI that attenuate its positive charge might be useful in reducing
the toxicity of the polymer [10].ado), minatti@qmc.ufsc.br (E.
evier OA license. The design of hydrophobically modiﬁed polyelectrolytes has at-
tracted research interest in recent years due to their similarity to
biological systems, as well as their strong tendency toward self-
organization in aqueous solution caused by the combination of
electrostatic and hydrophobic effects [1,11]. It is also important to
observe that up to 40% of new chemicals discovered by the pharma-
ceutical industry nowadays are hydrophobic compounds [12]. Since
the amino groups of PEI are chemically reactive, they can be readily
derivatized by a large number of functional groups, allowing the
formation of various versatile decorated polymeric materials
adapted to the required application. For instance, the functionaliza-
tion using long chain alkyl groups affords access to hydrophobically
modiﬁed PEIs which, in principle, allows the combination of the
properties of pure polyelectrolyte polymers with those of the
amphiphilic groups appended [13].
The interaction of polyelectrolytes with surfactants of opposite
charge in water has been studied by many research groups in re-
cent decades due to the potential technological applications in
many ﬁelds, such as in the personal care and cosmetic products
industry [14], gene therapy [15], drug delivery [16], and water
treatment [17–19]. The polyelectrolyte–surfactant association in
aqueous media leads to the formation of thermodynamically stable
complexes, and the resulting physicochemical features of these
entities are different from those observed in pure surfactant micel-
lar medium. Several studies have been carried out on systems com-
prised of PEI and sodium dodecylsulfate (SDS) [20–28]. They have
shown that the pH of the PEI solution increases with increasing
SDS concentration, which has been interpreted in terms of favor-
2Scheme 1. Structures of PEI and hydrophobically modiﬁed PEIs.
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PEI and the oppositely charged sulfate group in SDS [20–22]. Win-
nik et al. [21] showed that at low concentrations of SDS, PEI exhib-
ited an exothermic interaction that involved individual SDS
molecules and the protonated amine groups, which was responsi-
ble for driving an increase in pH. However, at higher concentration
of SDS, the interaction is endothermic due to a noncooperative
adsorption of SDS micelles onto the polymeric chains. Recently,
the formation of supramolecular complexes composed of PEI, so-
dium cholate, and SDS was investigated by Felippe et al. using var-
ious techniques [29].
We have recently exploited the design of covalently modiﬁed
PEIs aiming at their use as supports for catalysts and also to study
their interaction in aqueous solution with DNA. In order to under-
stand more profoundly the role of the PEIs in these complex sys-
tems, a study of the behavior of the PEIs in water in the absence
and presence of anionic surfactants was addressed. Although the
literature reports the use of different techniques to investigate
the interaction of PEI with SDS in aqueous solution [20–28], very
few papers can be found concerning mixtures of modiﬁed PEIs
with SDS. Grifﬁths et al. [30] showed that PEI does not have surface
activity, while hydrophobically modiﬁed PEI with pendant dodecyl
groups exhibits marked surface activity, with the presence of small
hydrophobic domains being observed. An increase in the degree of
PEI modiﬁcation led to an increase in the surface activity of the sys-
tem under study. It was also observed that on the addition of SDS,
the onset of the formation of polymer–surfactant complexes was
insensitive to the degree of PEI modiﬁcation, but the authors did
not addressed the inﬂuence of the length of hydrophobic tails.
Therefore, in this study, we synthesized four hydrophobically mod-
iﬁed PEIs (Scheme 1) by partial alkylation of PEI with 1-bromobu-
tane (PEI-C4), 1-bromohexane (PEI-C6), 1-bromooctane (PEI-C8),
and 1-bromododecane (PEI-C12). The physicochemical properties
of these decorated PEIs were then studied in aqueous solution in
the absence and in the presence of SDS with the use of viscosity,
surface tension, ﬂuorescence, and small-angle X-ray scattering
(SAXS) techniques. All data were explained with the application
of a model that considers the interaction of the polymer and the
surfactant by means of combined hydrophobic and electrostatic
effects.2. Experimental section
2.1. Materials and methods
SDS was supplied by Sigma-Aldrich with a purity of 99% and
was used without further puriﬁcation. Pyrene (Sigma-Aldrich,
99%) was recrystallized three times from methanol and dried be-
fore use. PEI with a nominal molecular weight of 25,000 g mol1
was obtained as a pure polymer from Sigma-Aldrich. Theprimary/secondary/tertiary amine ratios for these polymers were
1:2:1, which corresponds to a branch every 3–3.5 nitrogens. 1-Bro-
mobutane, 1-bromohexane, 1-bromooctane, and 1-bromodode-
cane, all with purity of 99%, were purchased from Sigma-Aldrich
and used as received. Deionized water, obtained through previous
distillation followed by puriﬁcation employing a Millipore Milli-Q
system, was used in all measurements. This solvent was boiled
and bubbled with nitrogen and kept in a nitrogen atmosphere to
avoid the presence of carbon dioxide. Stock solutions of PEI and
alkylated PEI were prepared in water under magnetic stirring for
at least 12 h.
2.2. Synthesis and characterization of the alkylated PEIs
The following general methodology, adapted from Park et al.
[31], was applied to prepare the alkylated PEIs: the 1-bromoalkane
(12.0 mmol) was added drop by drop to a vigorously stirred solu-
tion of PEI (5.28 g; 120.0 mmol per monomer) in 65.0 mL of 2-
methylpropan-2-ol containing an excess of potassium carbonate
(20.73 g; 150.0 mmol) [31]. The reaction mixture was stirred at
room temperature for 5 days. Subsequently, the reaction mixture
was placed into a dialysis membrane (Spectra/Por

6,
MWCO = 3500 g mol1) and dialyzed for three days to remove
unreacted 1-bromoalkane, 2-methylpropan-2-ol, and potassium
carbonate. After, the resulting aqueous solution was lyophilized,
and the product was characterized by 1H NMR. The absence of
the NMR signals corresponding to the protons of 1-bromoalkane
and 2-methylpropan-2-ol in the product conﬁrmed the purity of
the product. 1H NMR for PEI-C4 (400 MHz, CDCl3): d 0.89 (t,
H3CCH2CH2CH2NH–), d 1.30 (m, H3CCH2CH2 CH2NH–), d 1.40 (m,
H3CCH2CH2CH2NH–), d 2.39 (m, H3CCH2CH2CH2NH–), d 2.5–2.8
(m, –NH(CH2)2NH–), d 4.00 (bs, –NH–); 1H–NMR for PEI-C6
(400 MHz, CDCl3): d 0.83 (t, H3 C(CH2)3CH2CH2NH–), d 1.23 (m,
H3C(CH2)3CH2CH2NH–), d 1.41 (m, H3C(CH2)3CH2CH2NH–), d 2.35
(m, H3C(CH2)3CH2CH2NH–), d 2.5–2.8 (m, –NH(CH2)2NH–), d 4.00
(bs, –NH–); 1H NMR for PEI-C8 (400 MHz, CDCl3): d 0.84 (t,
H3C(CH2)5CH2CH2NH–), d 1.23 (m, H3C(CH2)5CH2CH2NH–), d 1.43
(m, H3C(CH2)5CH2CH2NH–), d 2.37 (m, H3C(CH2)5CH2CH2NH–), d
2.5–2.8 (m, –NH(CH2)2NH–), d 4.30 (bs, –NH–); 1H NMR for PEI-
C12 (400 MHz, CDCl3): d 0.85 (t, H3C(CH2)9CH2CH2NH–), d 1.23
(m, H3C(CH2)9CH2CH2NH–), d 1.45 (m, H3C(CH2)9CH2CH2NH–), d
2.38 (m, H3C(CH2)9CH2CH2NH–), d 2.5–2.8 (m, –NH(CH2)2NH–), d
4.17 (bs, –NH–).
2.3. pH measurements
The pH values were obtained in the following way: an aqueous
solution of the PEI (2.0 mg mL1) was prepared and used to make a
stock solution of SDS in a concentration of 4.0  102 mol L1. The
PEI solution was kept in a thermostated cell at 25.0 ± 0.1 C, and
small amounts of aqueous stock solutions of SDS were added with
a semi-automatic burette Metrohm Herisau (multi-burette type
model E-485). After each addition of stock solution, the pH was
measured by an immersed pH electrode (Beckman / 71 pH meter
with a combined glass electrode).
2.4. Viscosity measurements
Viscosity measurements were performed on a SCHOTT AVS 350
viscometer (capillary viscometer Cannon–Fenske, diameter
0.54 mm) equipped with an optical system for ﬂow detection. The
temperature was controlled by a water bath and maintained at
25.0 ± 0.1 C. For themeasurements, stock solutions of eachpolymer
(10.0 mg mL1) were prepared in deionized water and used to pre-
pare 10.0 mL of each more dilute solution.
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Fig. 1. 1H NMR spectra of PEI (A) and PEI-C12 (B) (a, H3C(CH2)9CH2CH2NH–; b,
H3C(CH2)9CH2CH2NH–; c, H3C(CH2)9CH2CH2NH–; d, H3C(CH2)9CH2CH2NH–) in
CDCl3. (For interpretation of the references to color in this ﬁgure legend, the reader
is referred to the web version of this article.)
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For the surface tension measurements, the du Nouy ring meth-
od was used and the experiments were carried out at 25.0 ± 0.1 C
on a Kruss K8 GMBH interfacial tensiometer equipped with a Pt–Ir-
20 ring. The ring was rinsed with a hydrochloric acid solution
(4.0 mol L1) and rinsed with deionized water several times before
each measurement. All solutions were prepared in the same man-
ner as described in the previous subsection. All polymer solutions
prepared were left to rest for at least two hours before use.
2.6. Steady-state ﬂuorescence
The steady-state ﬂuorescence emission spectra of pyrene were
recorded on a Hitachi F4500 spectroﬂuorimeter equipped with a
thermostated cell holder set at 25.0 ± 0.1 C, and the samples were
continuously stirred in a quartz cell of 10 mm path length. The con-
centration of the probe was ﬁxed at 1.0  106 mol L1 to avoid the
formation of pyrene microcrystals and extrinsic phenomena. Both
slit width settings of excitation and emission monochromators
were adjusted to 2.5 nm. The samples were excited at 336 nm,
and the emission spectra were recorded from 360 to 500 nm. The
following procedure was applied for all experiments performed.
The ﬂuorescence spectrum was recorded after the addition of each
volume of surfactant solution. The I1/I3 ratio was considered as the
ratio between the maximum peak emission intensities of the probe
at 372.8 nm (I1) and 384.0 nm (I3).
2.7. SAXS experiments
All SAXS studies were carried out on the D11A-SAXS beamline
of the Brazilian Synchrotron Light Laboratory (LNLS – Campinas –
Brazil). The wavelength (k) of the incoming beam was set at
0.1488 nm, and the samples were injected into a 1 mm thick sam-
ple [32]. The collimated beam crossed the samples through an
evacuated ﬂight tube (P < 0.1 mbar) and was scattered to a 2D
CCD marCCD detector with an active area of 16 cm2. The sample-
to-detector distance was set at 1479.75 mm (silver behenate was
utilized for the calibration of the sample-to-detector distance due
to its well-known lamellar structure, d = 58.48 Å). The q range cov-
ered at this distance was 0.10–2.3 nm1. 2D images were found to
be isotropic and were corrected by taking into account the detector
dark noise and normalized by the sample transmission. These
images of the samples were subtracted from the corrected and nor-
malized 2D image of the solvent, and the resulting images were
then azimuthally integrated, considering the 360 scan to generate
the ﬁnal I as a function of q proﬁles. This procedure was performed
with the use of the FIT2D software developed by Hammersley [33].3. Results and discussion
3.1. Synthesis and characterization
The modiﬁed PEIs, PEI-C4, PEI-C6, PEI-C8, and PEI-C12, were
prepared by an adapted method based on that described by Dae-
won et al. [31], by means of the alkylation of the PEI amino groups
with the corresponding bromo-alkanes. The modiﬁed polymers
were characterized by 1H NMR. Fig. 1A shows the 1H NMR spec-
trum for PEI, exhibiting the –CH2CH2N– group at d 2.1–3.0 ppm.
The signal at d 2.0 was attributed to the protons of amino groups
and disappears on the addition of a drop of deuterated water to
the NMR tube. The 1H NMR spectrum for PEI-C12 in Fig. 1B shows
three signals between d 0.80 and 2.0 ppm (absent in the spectrum
of PEI), which related to the dodecyl groups linked to the amino
groups, speciﬁcally at d 0.85 (a, H3C(CH2)9CH2CH2NH–), d 1.23 (b,H3C(CH2)9CH2CH2NH–), and d 1.45 (c, H3C(CH2)9CH2CH2NH–). In
addition, a signal at d 2.38 (d) was attributed to the methylene pro-
tons of the alkyl chain directly bonded to the nitrogen, being imme-
diately adjacent to the region of the PEI ethylene groups –
NH(CH2)2NH– (e, d 2.5–2.8). This was conﬁrmed through the anal-
ysis of a homonuclear correlation spectroscopy (1H  1H COSY)
spectrum, which revealed that protons at d 2.38 and d 1.45 are
spin–spin coupled to each other. In addition, our observations are
very similar to the description of a derivatized PEI by Cheng et al.
[16]. With the alkylation, the signal corresponding to the presence
of PEI NH2 groups at d 2.0 disappears, with the appearance of a new
signal at d 4.17, due to the presence of the alkylated NH groups.
This was conﬁrmed by the fact that the addition of deuterated
water to the solution of the alkylated PEI led to the complete disap-
pearance of the signal at d 4.17. Thus, although in principle the
alkylation can also occur at the secondary and tertiary amino
groups, these data show that the primary amino groups were pref-
erentially alkylated.
1.8
2.0
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mated from the integration of the peak areas corresponding to the
–CH2CH2N– and –CH3 groups. The substitution degrees found for
PEI-C4, PEI-C6, PEI-C8, and PEI-C12 were 9.2%, 9.2%, 9.1%, and
9.8%, respectively.0.1 1 10
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Fig. 3. I1/I3 ratio for pyrene ﬂuorescence emission with increasing concentrations of
PEI (j), PEI-C4 ( ), PEI-C6 ( ), PEI-C8 ( ), and PEI-C12 ( ). The concentration of
pyrene was 1.0  106 mol L1, with excitation at 336 nm, and the slits adjusted to
2.5 nm at 25.0 ± 0.1 C. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)3.2. Surface tension and ﬂuorescence measurements
Fig. 2 shows the surface tension values for PEI, PEI-C4, PEI-C6,
PEI-C8, and PEI-C12 as a function of polymer concentration. While
PEI showed no surface activity, the decorated PEIs exhibit a very
different behavior, since these data show that the surface tension
decreases with an increase in the polymer concentration. This
behavior is similar to those observed with classical surfactants in
that surface tension shows a decrease with an increase in c(surfac-
tant) up to a constant surface tension value. A similar behavior was
observed by Grifﬁths et al. [30] in a study on PEI synthetically mod-
iﬁed with 1% and 10% of 1,2-epoxydodecane.
The surface tension studies motivated a similar investigation
using the ﬂuorescence technique and pyrene as a probe. Pyrene
has been largelyused as aﬂuorescenceprobe in the studyofmicelles
[34,35] and lipophilic environments [36,37], in solvation studies
[38–40] and in the investigation of aqueousmixtures of polyelectro-
lytes and surfactants [41–43]. Its use as a probe results from the fact
that the intensities of the various ﬂuorescence emission vibronic
bands of the compound have been shown to be strongly dependent
on the medium microenvironment [44,45]. More speciﬁcally, an
enhancement in the intensity of theﬁrst ﬂuorescence emission band
(I1) is observed in the presence of polar solvents, while only a slight
effect is observed on the third band (I3) [44,45]. Therefore, the I1/I3
ratio represents the basis for the pyrene scale of solvent polarities
[46], a value of 1.8 being observed forwater and 0.6 for hexane. Con-
sidering, for instance that a process of micellization occurs in water
on the addition of a surfactant above its cmc value, pyrene, due to its
lipophilic nature, migrates from the aqueous environment to the
nonpolar micellar cores with the formation of micelles. The change
in the polarity that occurs in the microenvironment of the probe is
expressed by the lowering of the I1/I3 ratio, making it possible to fol-
low the aggregation phenomenon.
Fig. 3 shows the I1/I3 ratio for pyrene ﬂuorescence emission as a
function of the concentration of PEI and modiﬁed PEIs. Firstly, it is
important to remark that for the commercial PEI, the I1/I3 ratio1010.1
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Fig. 2. Surface tension for increasing concentrations of PEI (j), PEI-C4 ( ), PEI-C6
( ), PEI-C8 ( ), and PEI-C12 ( ) at 25.0 ± 0.1 C. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version
of this article.)exhibits a very small change with an increase in the PEI concentra-
tion, remaining in the range of 1.68–1.80, which is consistent with
the reported value in water [44], suggesting that PEI is not able to
offer hydrophobic domains. Interestingly, for modiﬁed PEIs, the
I1/I3 values decrease with an increase in the polymer concentration
from 1.80 in pure water to a minimum I1/I3 value, which is depen-
dent on the alkyl group bonded to the PEI. At low polymer concen-
trations, more signiﬁcant decreases were observed for PEI-C8 and
PEI-C12 compared to PEI-C4 and PEI-C6. The minimum I1/I3 values
observed in each system were 1.14, 1.03, 0.95, and 0.88 for PEI-C4,
PEI-C6, PEI-C8, and PEI-C12, respectively, indicating that pyrene
migrates to an increasingly hydrophobic domain with increases in
the alkyl chain of themodiﬁed PEI. Thus, pyrene ﬂuorescence shows
that there are signiﬁcant differences between the modiﬁed and
unmodiﬁed polymer. In addition, a comparison between the surface
tension and pyrene ﬂuorescence data reveals that the discontinuity
in the surface tension data coincides with the region in which the
decrease in I1/I3 values occurs (3.0 mg mL1), which suggests0.002 0.004 0.006 0.008 0.010
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Fig. 4. Inﬂuence of the polymer concentration on the speciﬁc viscosity at 25.0 ± 0.1 C
for theaqueous solutionsofPEI (j), PEI-C4 ( ), PEI-C6 ( ), PEI-C8 ( ), and PEI-C12 ( ).
(For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)
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Fig. 5. Inﬂuence of the addition of SDS on the pH of aqueous solutions of PEI (j),
PEI-C4 ( ), PEI-C6 ( ), PEI-C8 ( ), and PEI-C12 ( ) (c(polymer) = 2.0 mg mL1) at
25.0 ± 0.1 C. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)
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Fig. 6. Inﬂuence of I1/I3 ratio on pyrene ﬂuorescence emission of aqueous solutions
of PEI (j), PEI-C4 ( ), PEI-C6 ( ), PEI-C8 ( ), and PEI-C12 ( ) (c(poly-
mer) = 2.0 mg mL1) as a function of SDS concentration. The pyrene concentration
was 1.0  106 mol L1, with excitation at 336 nm, and the slits adjusted to 2.5 nm
at 25.0 ± 0.1 C. (For interpretation of the references to color in this ﬁgure legend,
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hydrophobic aggregates in aqueous solution.
3.3. Viscosity data
Fig. 4 shows the changes in the speciﬁc viscosity for solutions of
PEI and modiﬁed PEIs as a function of the polymer concentration. It
is clearly observed from analysis of the experimental data that the
speciﬁc viscosities decrease with an increase in the alkyl chain of
the PEI. These data also allow the determination of the intrinsic
viscosities for PEI and modiﬁed PEIs, and it being observed that
their values decreased with an increase in the alkyl chain. The
intrinsic viscosities (g for the polymers in solution were deter-
mined (Table 1). The g value for PEI is 13.30 mL g1, and for the
modiﬁed PEIs, the values decreased in the following order: PEI-
C4 > PEI-C6 > PEI-C8 > PEI-C12.
It is important to mention that water is an efﬁcient solvent in
which to dissolve PEI, since the polymer is present in a protonated
form. As a result, the chain of the polymer is stretched, which in-
creases its hydrodynamic volume. On the other hand, due to their
higher hydrophobicity, increasing from PEI-C4 to PEI-C12, the
water solubility of the alkylated polymers is diminished and their
molecules are found in the coiled form, which is responsible for a
decrease in the intrinsic viscosity. Consequently, the overlap con-
centrations (c⁄) for the modiﬁed polymers (Table 1), calculated as
the reciprocal of each g value, increase with the size of their ap-
pended n-alkylic chains, that is, in the following order: PEI < PEI-
C4 < PEI-C6 < PEI-C8 < PEI-C12.
3.4. Inﬂuence of SDS on the pH of PEI and modiﬁed PEI aqueous
solutions
Since the addition of SDS would be expected to change the pH of
polyelectrolyte solutions [21,23], the pH value of the aqueous solu-
tions of PEI and of the modiﬁed PEIs in a concentration of
2.0 mg mL1 in the absence and in the presence of increasing
amounts of SDS was monitored (Fig. 5). All samples are in aqueous
solutions with pH close to 9.5 when only in the presence of PEI or
alkylated PEIs, and this value can increase to around 11.5 when
the SDS concentration is 20 mmol L1. The aqueous solutions of
the PEIs are alkaline, since the amine groups present in the polymer
act as a weak base (Eq. (1)). When SDS is added, there is an increase
in the pH value of the solution, due to the role of the anionic surfac-
tant in stabilizing the weak conjugate acid, through a speciﬁc bind-
ing of SDSwith the positively charged sites on the polymeric chains,
which displaces the acid-base equilibrium, formingmore hydroxidethe reader is referred to the web version of this article.)R3NðaqÞ þH2Oð1ÞR3NHþðaqÞþOHðaqÞ ð1Þ3.5. Fluorescence measurements of PEI and modiﬁed PEI solutions in
the absence and in the presence of SDS
Fig. 6 reports the use of pyrene as a probe to investigate the
behavior of PEI and the modiﬁed PEIs as a function of SDS concen-
tration, with the polymer concentration ﬁxed at 2.0 mg mL1. It isTable 1
Values for intrinsic viscosity (g and overlap concentration (c⁄) for the modiﬁed PEIs at
25.0 ± 0.1 C (for details on their determination, see the text).
Polymer g (mL g1) c⁄ (mg mL1)
PEI 13.30 75.20
PEI-C4 9.78 102.20
PEI-C6 9.44 105.95
PEI-C8 8.20 121.95
PEI-C12 7.50 133.30observed that for each polymer, at low concentrations, the I1/I3 ratio
for PEI is 1.60, but a gradual decrease occurs with an increase in
the alkyl chain to a value of 1.07 for PEI-C12. The same experi-
ments were performed for the PEIs in a concentration of
0.1 mg mL1, which is below the cac of the PEIs, and the same
trends could be veriﬁed. A similar behavior was observed byMagny
et al. [47] in a study onmixedmicellar systems comprising dodecyl-
trimethylammonium chloride and a series of hydrophobicallymod-
iﬁed poly(sodium acrylate). This behavior is due to the fact that the
concentration of hydrophobic domains in the modiﬁed polymers
increases with an increase in their alkyl chains. These hydrophobic
domains also help to initiate the polymer–surfactant association.
Thus, the slight decrease in the I1/I3 ratio observed at lower concen-
trations of SDS indicates the onset of the polymer–surfactant inter-
action. This discontinuity in the I1/I3 ratio is called the critical
aggregate concentration (cac), and it starts at a lower concentration
than the cmc of the pure SDS solution (8.0 mmol L1) [48]. Table 2
shows the cac values for PEI and modiﬁed PEIs, it being observed
Table 2
Values for cac of PEI and modiﬁed PEIs with SDS,
obtained by means of the use of a pyrene ﬂuorescence
probe.
Polymer cac (mmol L1)
PEI 0.090
PEI-C4 0.070
PEI-C6 0.060
PEI-C8 0.055
PEI-C12 0.045
Table 3
Values of the radius of gyration for PEI and modiﬁed PEIs.
c(SDS) (mmol L1) Rg (nm)
PEI PEI-C4 PEI-C6 PEI-C8 PEI-C12
0.0 16.30 14.30 15.10 14.70 14.50
5.0 14.70 14.00 14.30 14.30 14.10
10.0 14.50 13.80 14.20 13.90 13.70
20.0 13.90 13.20 13.50 13.70 13.30
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chain of the polymer. For instance, the cac for the PEI/SDS system
is 0.09 mmol L1, decreasing to 0.045 mmol L1 for the PEI-
C12/SDS system. Therefore, the modiﬁed polymers, having amphi-
philic properties, changed the onset of the polymer–surfactant
association toward lower concentrations of surfactant. This ﬁnding
is similar to results obtained by Magny et al. [47], who also ob-
served that the longer the alkylic chain the lower the cac value.
3.6. SAXS measurements of modiﬁed PEI solutions in the absence and
in the presence of SDS
PEI and alkylated PEIs were investigated with the use of the
SAXS technique, maintaining a constant polymer concentration of0 1 2 3 4 5
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Fig. 7. SAXS patterns measured for (A) PEI and (B) PEI-C12 in the absence (d) and in
the presence of SDS at 5.0 ( ), 10.0 ( ), and 20.0 ( ) mmol L1. The concentration
of each polymer was 2.0 mg mL1. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this article.)2.0 mg mL1. These studies were performed in order to evaluate
possible morphological evolutions in the modiﬁed polymers in
comparison with the unmodiﬁed polymer.
Fig. 7 reports the behavior of PEI (A) and PEI-C12 (B) in the ab-
sence of SDS and with three different SDS concentrations (5.0, 10.0,
and 20.0 mmol L1). The displacement of the ‘bump’ toward the
high q region as the c(surfactant) increases provides a qualitative
indication that the complexes are smaller at higher concentrations.
Similar behavior was observed recently by Felippe et al. [29] in a
study on the formation of supramolecular complexes composed
of PEI, sodium cholate, and SDS. These data suggest that the size
of the aggregates may be inﬂuenced by an increase in the counter0.0 0.5 1.0 1.5 2.0 2.5
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Fig. 8. Kratky plots of (A) PEI (2.0 mg mL1) (d) in aqueous solutions in the
presence of 5.0 mmol L1 ( ), 10.0 mmol L1 ( ), and 20.0 mmol L1 ( ) of SDS; (B)
PEI-C12 (2.0 mg mL1) (d) and PEI-C12 with 5.0 mmol L1 ( ), 10.0 mmol L1 ( ),
and 20.0 mmol L1 ( ) of SDS. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)
Scheme 2. Schematic representation of the steps involved the association of the modiﬁed polymers with SDS.
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the surfactant. This would promote repulsion between the aggre-
gates, which consequently would inﬂuence their size. In addition,
the increase in the concentration of counter ions could shield elec-
trostatic repulsion between ionic side chains of the polymers,
resulting in a more compact polymer conformation.
The Guinier’s approximation [49] was used in the determina-
tion of the radius of gyration of the polymers under each condition,
from the plots of ln(I(q)) as a function of q2, by linear ﬁtting these
data at the limit q? 0. The results are presented in Table 3, and for
PEI, there is a clear reduction in the radius of gyration (Rg) of the
polymer, from 16.30 in the absence of surfactant to 13.90 nm in
the presence of 20 mmol L1 of SDS. The decrease in the value of
Rg is also observed for all modiﬁed polymers, with the results indi-
cating a general decrease in the values with the increasing alkyl
substituent in PEI. These data suggest that the modiﬁed polymer
chains are coiled in solution in comparison with the unmodiﬁed
PEI (see discussion above). These values of Rg are different of that
reported by Pfau et al. [50], who showed using light scattering
experiments that a PEI of 37 kDa, at pH 4.0 and adsorbed to mica
surface, had a diameter of 6 nm. The high Rg values calculated for
the PEIs are due to the high pH values used in our study, varying
from 9.5 in the absence to 11.5 in the presence of SDS, which leads
to polymers with a very elongated structure. A similar effect was
reported by Grifﬁths et al. [30] who used small-angle neutron scat-
tering (SANS) at pH 10. In other study, using the static light scatter-
ing technique, Bastardo et al. [26] obtained for PEI of 70 kDa in D2O
solutions (pD 10.1) an Rg value of 55 nm. This value is proportion-
ally similar to our results, if the molecular weight of the polymers
used in the measurements is compared.
The Kratky plots I(q) q2 versus q of the SAXS intensity functions
for samples with branched PEI and PEI-C12 with 5.0, 10.0, and
20.0 mmol L1 of SDS are shown in Fig. 8, where different sample
properties can be clearly observed. The solutions of pure polymers
and those in the presence of 5.0 mmol L1 of SDS exhibit roughly
the same behavior; the Kratky curves for these systems show a
monotonic increase, indicating a ﬂexible random-coil conforma-
tion [51]. When the concentration of SDS is increased above the
cmc (>8 mmol L1), the solution of branched PEI continues to exhi-
bit the same behavior of random-coil conformation (only an in-
crease in the overall scattering intensity is observed). However, a
peak appears in the solutions of PEI-C12 when the c (SDS) is greater
than the cmc. This behavior can be interpreted by analogy to pro-
tein solutions: folded globular proteins typically yield a prominent
peak, whereas unfolded proteins show a continuous increase in I(q)
q2 with q [52]. Thus, the peak can indicate the formation of com-
pact aggregates when the PEI has hydrophobic branches, in the
presence of a high concentration of surfactant. In these systems,
the curves show not only the peak, but also the increase in I(q)
q2 with q, indicating the presence of multi-domains, displaying a
mixture of the characteristic features of free SDS micelles and both
aggregated and random-coil polymer chains [53,54].The main features related to the system studied here, involving
the interaction of the alkylated PEIs and SDS in aqueous solution,
are summarized in Scheme 2. Firstly, the addition of SDS to a solu-
tion of the modiﬁed polymer leads to the interaction by means of
hydrophobic and electrostatic effects. With an increase in the con-
centration of SDS to a value greater than the cac, aggregates of SDS
can interact with the polymer through combined electrostatic and
hydrophobic effects, the extent of this interaction being dependent
on the size of the alkylic chain. After the saturation of the polymer
surface with the aggregates of SDS, that is, above the polymer sat-
uration point (psp), the increase in the concentration of SDS leads
to the appearance of surfactant-free micelles in equilibrium with
the SDS-modiﬁed PEI aggregates.4. Conclusions
The systematic study performed here, by means of the synthetic
modiﬁcation of PEI with alkyl groups, resulted in polymers exhib-
iting a pronounced surface activity, similar to values reported for
typical surfactants [30,55], leading to the formation of hydrophobic
domains [30]. These data obtained are consistent with reports pub-
lished in the recent literature [30], and in addition, our study
shows clearly that the hydrophobicity of PEI can be tuned by
increasing the length of the alkyl groups. The trends observed here
are of interest for application in the development of systems tai-
lored to be soluble in aqueous environments but also able to inter-
act with lipophilic or amphiphilic species.
This was veriﬁed through observing the interaction of
hydrophobically modiﬁed polymers with SDS. The association of
PEI and modiﬁed PEI with SDS showed that an increase in the sur-
factant concentration contributes to a systematic reduction in the
Rg value, suggesting that the modiﬁed polymers are coiled in solu-
tion in comparison with the unmodiﬁed PEI. It is interesting also to
note for PEI-C12 in aqueous solution, in the presence of a high con-
centration of SDS, the formation of compact aggregates, displaying
the presence of multi-domains between aggregated and random-
coil polymer chains. Grifﬁths et al. [30] showed that an increase
in the degree of modiﬁcation in PEI led to the formation of poly-
mers with pronounced surface activity, with no changes in the on-
set of the formation of complexes involving the polymer and
surfactants upon addition of SDS. Our study showed that consider-
ing the same degree of PEI modiﬁcation, but increasing the length
of the alkylic substituent chain, an increase in the surface activity
was obtained, with the onset of the formation of polymer–surfac-
tant aggregates occurring at minor SDS concentrations.
The different techniques employed were found to be ideal for
gaining insight into these systems, and a model for the interaction
of the PEIs with SDS in water could be proposed, based on the com-
bined hydrophobic and electrostatic effects. This is of great impor-
tance in terms of shedding light on our studies involving the design
of systems able to interact with DNA, based on the combination of
I.C. Bellettini et al. / Journal of Colloid and Interface Science 370 (2012) 94–101 101modiﬁed PEIs with SDS and also in the design of catalyst supports.
Therefore, the strategy of using hydrophobically modiﬁed PEIs with
anionic surfactants could potentially be applied in the development
of systems aiming at the encapsulation of dyes [56], gene delivery
therapy [3,4], drug delivery [16], and cosmetic products [14].
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